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Abstract This paper presents a two-stage method to
synthesize the mono-dispersed ZnO spheres. The size and
uniformity of ZnO spheres can be controlled in the sub-
micrometer range. This makes the method applicable to the
fabrication of photonic crystal structures. The effects of
different reaction parameters such as reaction temperatures,
reaction times, and water concentrations on the formation
of ZnO spheres were investigated. On the basis of the
experimental results, we discuss and propose a possible
mechanism to elucidate the formation of ZnO submicron
spheres. Furthermore, the room temperature photolumi-
nescence (PL) measurements of the products were carried
out to investigate their optical properties. The PL results
showed that the ZnO submicron spheres exhibited a strong
ultraviolet emission and a broadband green emission in the
visible region.
Keywords ZnO spheres  Photonic crystal structure 
Reaction parameters  Photoluminescence
Introduction
Zinc oxide (ZnO) is an important wide band gap semicon-
ductor material due to its numerous attractive properties such
as high excitation binding energy, controllable conductivity,
and transparency in the visible light (Wang 2004). As such, it
has attracted much interest because of the potentially wide
applications in electronics and optoelectronics.
Diverse methods have been developed in the synthesis of
different ZnO nano- or micro-structures. However, large-
scale applications depend on the development of simple and
low-cost production procedures. High-temperature vapour
deposition and solution-based methods have been employed
for preparing ZnO materials of various sizes and morphol-
ogies. The vapour deposition route is generally used for the
fabrication of ZnO nanostructures. It requires a relatively
high temperature, expensive vacuum equipment, and com-
plex procedures, which restrict the use in practical applica-
tions (Ramgir et al. 2006; Khomenkova et al. 2007).
Compared with the high-temperature vapour deposition
method, solution-based methods are more effective in syn-
thesizing ZnO material with controllable morphology. This
method also allows for the growth of ZnO nano- or micro-
structures at a relatively low temperature. Furthermore, the
solution-based methods are relatively economic and can be
applied to large-scale productions (Peng et al. 2006; Yu et al.
2005).
Materials with low crystal symmetry have been used as
building blocks in bottom-up self-assembly. For this rea-
son, the spherical-shaped structure is the most favourable
morphology due to its high level of symmetry. However,
wurtzite ZnO prefers to grow along the c-axis in solution
media because of its noncentrosymmetric hexagonal
structure, which results in the commonly observed one-
dimensional (1-D) ZnO nanostructures such as nanorods
and nanowires (Yan et al. 2008; Gao and Li 2009). To
overcome this problem, researchers used surfactants as
crystal growth modifiers to obtain ZnO spheres. For
example, it was reported that polyethylene glycol (PEG)
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and polyvinylpyrrolidone (PVP) could be used in a solu-
tion-based process as surfactants (Wang et al. 2007; Deng
et al. 2008). Nano-composite spheres of ZnO/PVP were
first synthesized and the PVP phase was removed by sub-
sequent heating. However, this method is complicated and
expensive.
In this paper, we present a simple and low-cost method
to synthesize mono-dispersed ZnO spheres with good
uniformity, which are suitable for the fabrication of pho-
tonic crystal structures. We also investigated the effects of
processing parameters that can affect the morphology of
the ZnO particles. Furthermore, based on the experimental
results, we propose a possible mechanism to elucidate the
formation of ZnO spheres.
Experimental design
Spray pyrolysis and atomic layer epitaxy methods have
been employed to synthesize spherical ZnO particles by
allowing zinc acetate [Zn(Ac)2] to react with water vapour
(Alver et al. 2007; Kowalik et al. 2009). From this point, if
Zn(Ac)2 and water are dissolved in a solvent with a suffi-
ciently high boiling point, hydrolyzation will occur and the
precipitation of ZnO will be obtained. Furthermore, the
particles are generally formed by nucleation, growth, and
aggregation in the solvent. These three processes, which
decide the particle morphologies and size, can be con-
trolled by the reaction conditions.
Polyols are considered good candidates for solvents as
they can easily dissolve various organic and inorganic
compounds, and they have relatively high boiling points.
Moreover, they have fairly high dielectric constants. These
properties make the reactions possible at the temperatures
above 100C.
We used diethylene glycol (DEG) as the solvent and the
surfactant, and further investigated the effects of other
parameters in the reactions that can affect the morphologies
of the ZnO particles such as reaction temperatures, reaction
times, water concentrations, etc.
Experiment procedures
A two-stage solution-based method has been used to syn-
thesize the ZnO spheres, which provides an effective and
easy way to prepare spherical ZnO particles with good uni-
formity. The experimental procedure is described as follows.
In the first stage, 0.003 mol Zn(Ac)22H2O/zinc nitrate
[Zn(NO3)26H2O] was added to 30 ml DEG in a 50 ml
beaker. The solution was then heated on a hot plate at the
temperature of 50C with magnetic stirring until a trans-
parent solution was achieved. The solution was transferred
to 125 ml autoclave from the beaker. Then, the sealed
autoclave was heated in an electrical oven under a certain
temperature for several hours. After that, the autoclave was
cooled down to room temperature in air. The solid phase
formed was then separated by centrifugation and washed
with ethanol. The supernatant, including materials such as
DEG, dissolved reaction products and un-reacted source
materials, was decanted off and saved for use in the second
stage.
In the second stage, 0.003 mol Zn(Ac)22H2O/
Zn(NO3)26H2O was added to 30 ml DEG in a 50 ml
beaker. The solution was then heated on the hot plate at
50C, and some volume (1–10 mL) of the primary super-
natant obtained from the first stage was added to it. The
solution was then stirred by a magnetic stirrer until it
became clear. The remaining steps are the same as
described in the first stage.
Silicon (Si) substrates were firstly cleaned in acetone with
ultrasonic bath for 10 min, and then rinsed in de-ionized (DI)
water and heated at 200C for an hour to remove contami-
nants. For preparing samples, one drop of the resultant ZnO
colloidal spheres were dipped onto Si substrates to form a
film which was subsequently heated at 200C for an hour.
Finally, the samples were dried at 400C for 2 h in air.
Experimental results
Particle size and morphology were characterized by field
emission scanning electron microscopy (FESEM). X-ray
diffraction (XRD) was used to analyze the crystal structure
and identify the phases. PL measurements were carried out
by using FLUOROLOG-3-TAU at room temperature. As
discussed in ‘‘Experimental design’’, the ZnO precipitation
in our experiments is formed by hydrolyzation. The DEG is
a non-ionic solvent agent; and the hydroxyl group (-OH) in
the reactions is provided by the hydrous compounds within
the source materials. The volume ratio of water content
will affect the morphology of the products. As the hydro-
lyzation occurs in a sufficiently high boiling point, the
reaction temperature and time will be crucial factors in our
experiments. The effects of various processing parameters
on the morphology and size of ZnO are presented below.
The effect of hydrate
Hydrous compound in the source material Zn(Ac)2 or
Zn(NO3)2 is denoted by the term nH2O, where n is the
number of water molecules per molecule of salt. In order to
investigate the effects of hydrous compound in the source
material, the experiment was started from a solution of
dissolving dehydrated Zn(Ac)2/Zn(NO3)2 into the solvent
of dehydrated DEG. In this experiment, we found that ZnO
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was not obtained. As a result, the mechanism of hydrolysis
for the ZnO formation in our experiments is confirmed.
To study the influence of the amount of water mole-
cules, denoted as n, the n was varied in the range of 0–6. It
was found that the precipitation of ZnO with nice spherical
shape was obtained when n = 2, which corresponds to the
commercial salt Zn(Ac)22H2O. For the other cases
0 B n \ 2 or 2 \ n B 6, the shapes of ZnO particles
became irregular. Figure 1 illustrates the FESEM images
of ZnO spheres, which were obtained under the same
reaction conditions for the case of n = 2 and n = 6.
The effect of solvent
For studying the effects of solvents in our research, DEG,
pure or mixed with other materials, was used in our experi-
ments. Ethylene Glycol (EG) was also used as the solvent
to compare with DEG. By dissolving Zn(Ac)22H2O/
Zn(NO3)26H2O into EG and heating up the solution in the
autoclave, ZnO precipitation was obtained, but with irregular
morphologies. DEG was further mixed with EG to obtain
different solvent characteristics in our experiments.
Although this led to the formation of ZnO, the particles were
dispersed with irregular shapes.
The precipitation of ZnO also took place when acetic
acid was added into DEG instead of EG. It is proposed that
water was produced by esterification between polyol and
acetic acid during the reactions. However, it was found that
the ZnO particles had irregular shapes. In the case of DEG
mixed with a small amount of water (1–10%) to form the
solvents, the ZnO formed and had a rod-shape. Figure 2
shows the FESEM images of ZnO particles, which were
obtained by using different solvents.
A small amount of primary supernatant, which was
obtained and saved in the first stage, was added into DEG
to form the solvents. The mono-dispersed ZnO spheres
were formed with diameter of submicron size and good
uniformity. XRD analysis of the ZnO colloid revealed that
the material has hexagonal ZnO phase with no preferential
growth directions. This result provides a method to syn-
thesize mono-dispersed ZnO colloidal spheres over a broad
size range (500–1,000 nm) with good control over their
diameter. It has been reported that the particles with the
size in the range of submicron can be used to create pho-
tonic crystals with the band gap covering the entire visible
spectrum, and also extending well into the ultraviolet (UV)
and infrared (IR) ranges (Seelig et al. 2003).
The effect of salt concentration
When the salt concentration is lower than 0.1 mol/l, the ZnO
spherical mono-dispersed particles with one micrometer size
were obtained. In the range of 0.1–0.2 mol/l, the ZnO par-
ticles became irregular and larger. Figure 3 shows a FESEM
image of 1 lm sized ZnO spheres obtained with a salt con-
centration of 0.1 mol/l.
The effects of reaction temperature and time
In order to analyze the effect of reaction temperature on the
formation of ZnO spheres, we varied the reaction temper-
ature from 160 to 250C. In this temperature range, the
morphology (spherical shape) of ZnO particle remains
almost unchanged. When the reaction temperature is in the
range from 100 to 150C, no ZnO spheres formed.
Under a fixed reaction temperature, the reaction time
was varied from 6 to 24 h. The results indicated that the
shape and size of ZnO particles remain similar. However,
in order to obtain better uniformity of the products, a
reaction time longer than 6 h is required. ZnO spherical
particles do not form with a short reaction time of 2 to 6 h.
Fig. 1 FESEM images of a ZnO spheres obtained when n = 2, and
b ZnO spheres obtained when n = 6. n is the water molecular number
in Zn(Ac)2nH2O
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Figure 4 shows the FESEM images of ZnO spheres
obtained at the reaction temperature of 200C with two
different reaction times of 6 and 12 h.
Final product characteristics
The characteristics of the particles obtained under the
optimal conditions are described below. The products were
synthesized using Zn(Ac)22H2O as the source material and
DEG as the solvent (salt concentration of 0.1 mol/l). The
reaction temperature was 200C and the reaction time was
12 h. Phase composition and phase purity of the obtained
products were identified by XRD (Fig. 5). Relatively
strong and sharp peaks in the XRD pattern confirm that the
products are ZnO. The morphology of products was
investigated by FESEM technique.
Fig. 2 FESEM images of a ZnO particles obtained by using EG as solvent, b ZnO particles obtained by using DEG mixed with EG, c ZnO
particles obtained by using DEG mixed with acetic acid, and d ZnO particles obtained by using DEG mixed with 5% water
Fig. 3 A FESEM image of 1 lm sized ZnO spheres obtained with
Zn(NO3)26H2O concentration of 0.1 mol/l
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Figure 6a shows the ZnO particles are non-agglomer-
ated and uniform with spherical shape. The sizes of these
particles are mainly in a range of 480–500 nm. In this
micrograph, we can see that the ZnO particles were self-
assembly to form a film with a good order. This makes it
has the potential for construction of photonic crystal
structure for controlling the wavelength of light emission.
From Fig. 6b, it can be seen that the ZnO spheres con-
tain nano-structure, which indicates that the spheres are not
single crystals but contain many smaller grains. In addition,
energy dispersive spectroscopy (EDS) results of the prod-
ucts shown in Table 1 confirm that the spheres contain only
ZnO.
Figure 7 shows the room temperature photolumines-
cence (PL) emission spectrum of the hydrothermally
synthesized ZnO particles excited by the laser with a
wavelength of 325 nm. A strong UV emission (*375 nm
or *3.3 eV) and a broadband green emission centered at
the wavelength of 565 nm (or *2.19 eV) in the visible
region were observed from the PL results. The broadband
green emission indicates that several defects may co-exist
in the synthesized ZnO particles, including oxygen vacancy
(Ov), oxygen interstitials (Oi), Zn vacancy (Znv), and Zn
interstitial (Zni). According to the theoretical calculations
of the intrinsic defects in ZnO using full-potential linear
muffin-tin orbital method (FP-LMTO) (Peng et al. 2008), a
figure is drafted to illustrate the defect energy levels in ZnO
particles (Fig. 8). From this figure, we consider that the
green emission was mainly attributed to Ov in the synthe-
sized ZnO particles as its energy level was very close to the
defect energy level of Ov (*2.0 eV). The UV emission in
the synthesized ZnO particles is very close to the ZnO
bandgap (*3.37 eV); it can be attributed to the exciton
radiate recombination (Wu et al. 2008).
Formation mechanism of the ZnO spheres
To understand the growth mechanism of ZnO spheres, the
growth process was analyzed based on the observations of
the products at different reaction temperatures and times. A
mechanism called oriented aggregation for the formation of
Fig. 4 FESEM images of a ZnO spheres obtained after reaction for
6 h, and b ZnO spheres obtained after reaction of 12 h
Fig. 5 XRD spectra of ZnO
spheres obtained at 200C for
12 h, showing a polycrystalline
structure
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complex structures (Ni et al. 2007) has been suggested.
This mechanism proposes an oriented aggregation, which
is regarded as one of the non-classical crystallization
mechanisms. It leads to the formation of multiform crystal
structures and morphologies. Similarly, self-assembled
structures were reported in a-Fe2O3 particles by Sugimoto
et al. 1998 and Park et al. 1996. It is also reported that the
sticking point in the synthesis of Fe3O4 sphere-like
aggregates was the application of polyethylene glycol no-
nylphenyl ether and cyclodextrin (Xia et al. 2007). A
similar formation mechanism that explains the ZnO sphere
formation is therefore considered and proposed in our
work.
DEG is a non-ionic surface active agent with formula of
O(CH2CH2OH)2. In the reaction, Zn
2? ions are attracted to
the oxygen atoms on the DEG. The hydroxyl groups (–OH)
on the compound Zn(OH)2 can interact with each other,
and as a result it provides a linkage or a bridge to the
neighboring Zn(OH)2 as illustrated in Fig. 9. The clusters
of ZnO nano-particles are then aggregated together to form
a spherical shape to minimize the cluster surface energy.
Figure 9 illustrates a schematic drawing of the formation
process of the ZnO nano/micro-spheres. The corresponding
equations are given below.
In our synthetic process, it is proposed that the complex
compound [Zn(OH)2]n is formed by reaction 1. Then, DEG
coordinates with [Zn(OH)2]n, and as a result the complex
compound of [Zn(OH)2-DEG]n is formed. These complex
compounds are then broken up to release H2O. The ZnO
nano-particles then formed by reaction 3.
Fig. 6 FESEM images: a general view of the final product;
b specified view of the final product
Table 1 EDS results of the products
Element Weight (%) Atomic (%)
O 15.31 42.09
Si 1.01 1.58
Zn 83.68 56.33
Totals 100.00
Fig. 7 Room temperature PL results of the ZnO spheres obtained at
200C for 12 h excited with a laser of 325 nm wavelength
Fig. 8 The energy levels of various defects in ZnO
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nZn2þ þ 2nH2O!D ZnðOHÞ2
 
n
þ 2nHþ ð1Þ
ZnðOHÞ2
 
n
þ nDEG!D ZnðOHÞ2DEG
 
n
ð2Þ
ZnðOHÞ2DEG
 
n
!D ZnO  DEG½ n þ nH2O ð3Þ
This mechanism can be used to explain the effects of
processing parameters on the shape and size of the ZnO
spheres. In the case of molar ratio of Zn2?:H2O [ 4, for
instance, the complex compound [Zn(OH)4
2-] is formed
instead of [Zn(OH)2]n. Therefore, the morphology of ZnO
particles changed to the rod-like shape as showed in
Fig. 2d.
For the case when the reaction temperature is below
170C (reaction time up to 24 h), the mixed solution
became gel-like. No characteristic peak of ZnO can be
detected from the XRD pattern, indicating that ZnO is not
formed due to the insufficient energy provided. When the
reaction temperature is above 250C, DEG thermal deg-
radation begins to be significant; and this causes the mor-
phology of products to become non-spherical.
Conclusion
A simple and economic two-stage solution-based method
has been developed to synthesize small ZnO spheres. The
product has good uniformity and the diameter of the spheres
is in the sub-micrometer range. The morphology and size of
the ZnO spheres can be controlled by the solution compo-
sition, reaction temperature, and time. The uniform and
submicron sized ZnO spheres can be used as the photonic
crystals to build optoelectronic devices. The effects of dif-
ferent reaction parameters on the formation of ZnO spheres
are investigated and a possible growth mechanism is pro-
posed. In addition, the room temperature PL measurements
of the final products were carried out, showing that the ZnO
submicron spheres exhibited a strong UV emission and a
broadband green emission in the visible region.
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